Expression of the CD4 glycoprotein, the surface receptor for the human immunodeficiency virus (HIV) (1-4), and of specific transcription factors that promote the expression of HIV genes (5) are characteristics that target a subset of lymphocytes for the pathological consequences of HIV infection. Additional properties of CD4+ lymphocytes and other HIV host cells could affect the efficiency of replication or the cytopathic effects of the virus, and thereby determine whether the outcome of infection is cell death; the establishment of a latent, nonproductive state; or the evolution of a chronic, virus-producing reservoir. The existence and potential importance of such host cell-specific factors is suggested by the variable response to HIV infection among cultured human lymphoid cell lines in vitro (6-8). The basis for this variability is poorly understood, and the spectrum of responses to HIV infection in vitro has not been well characterized.
Virus Infection: Standard Protocol. Exponentially growing cells were pelleted and resuspended in fresh medium at 105 cells/ml . Duplicate 10-ml aliquots (10 6 cells) were distributed in culture flasks, one of which was infected with 1 ml of a 1 :10 dilution of the virus stock (estimated at _2 x 104 infectious units/ml, undiluted). 24 h after virus addition, the cells were centrifuged and resuspended in 10 ml of fresh medium. Centrifugation and replacement of medium was repeated every 24 h for the next 10-12 d, and every 2-3 d thereafter for the course of the experiment. Cultures were diluted to 105 cells/ml in fresh medium every 3-5 days to permit continuation of exponential growth by still viable cultures . Depending upon the rate of infection, viable cell count (trypan blue exclusion) and virus production were assessed every 24-72 h by measuring virion-associated reverse transcriptase (RT) activity (19, 20) or amount of p24 protein in culture medium (p24 was determined either by RIA [NEK-040 ; E. I. DuPont de Nemours & Co., Wilmington, DE] or by ELISA [NEK-041; E. I. DuPont de Nemours & Co.]. Cultures were monitored until the HIV exposed cells exhibited acytopathic effect or until no cytopathic effect had been observed for 12-15 d. A cell line was considered to be permissive ifit supported the production ofRT at more than five times the background for the assay. Sensitivity to virus cytopathic effect was determined by inspection and by comparing viable cell count of infected cultures to a parallel culture of the uninfected cell line. A similar protocol was followed for studies of infection by the RF and MN isolates of HIV.
In some experiments susceptibility to infection was assessed at various times after cells were exposed to serial dilutions of a standard virus stock, or after infection was carried out in the presence of specific mAbs. Details of these experiments are described in the text and figure legends .
Syncytium Fornu:tion. As previously described (13, 21 ) 75 x 103 uninfected target cells were combined in medium containing or lacking 5 ug/ml OKT4A mAb, with 5 x 103 CEM/3B cells (CEM cells chronically infected with HTLVIIIB) in wells of a 96-well one-half area microtiter culture dish. After incubation for 24 h entire wells were inspected by inverted phase microscopy and foci of giant cells were counted . Wells were scored according to the number of giant cell foci according to the following scale: 0 = none; 1 + = 10 or less; 2 + = 10-20 ; 3+ = 20-30 ; 4+ = 30-40 .
Binding of 'z5 I gp120. Purified gp120 from HTLVIIIB was prepared as described (22) . Binding of gp120 to cells will be described elsewhere (Skinner, M., and T J. Matthews, manuscript in preparation). Briefly, duplicate aliquots of 106 cells in 0.1 ml of medium (containing or lacking 10 ug/ml of OKT4A mAb) were incubated for 30 min at room temperature with _105 cpm Of 'z5I-gp120 . The cell suspension was then layered over 0.3 ml of phthalate oil in a 0.4 ml microcentrifuge tube and the cells were separated from unbound gp120 by centrifugation for 30 s at 13,000 g. After careful aspiration of the overlying medium and oil, radioactivity in the cell pellet was determined in a gamma counter.
Results

Sensitivity to Infection by Free Virus
After screening of a larger number of cell lines and clones derived from the CEM T and WIL-2 B cell lines, a selected group ofwild-type and nucleoside kinase-deficient lines (Table I) were evaluated in more detail for ability to support productive infection by the HIV strain HTLVIIIB and their susceptibility to the cytopathic effect ofthe virus (Table II, Figs. 1 and 2 ). In these experiments, cell growth and viability and production of RT were followed for at least 15 d on at least one occasion and on other occasions for 10-15 d, depending on the characteristics of the particular cell line.
CEM T Cells. The growth and viability of our wild-type strain of CEM declined markedly by 7-10 d after infection ; RT production by infected cells peaked after _7-8 d . Similar results were observed with 10 of 11 randomly selected wild-type subclones and with Ml-1a, an AK-derivatives of this CEM strain. In contrast to Fig. 1 ). RC3b, an AK--dCK-double mutant derived from AC0611a (11), was also nonpermissive (data not shown) .
Ml-la and AC0611a were selected in different laboratories from independently maintained strains of CEM. The sensitivity to HIV infection of the CEM parent of AC0611a is unknown. Thus, the HIV-resistant phenotype ofAC0611a could have been a property of its WK-expressing parent, rather than a consequence of the loss of dCK activity. The former possibility is underscored by the finding that another independently maintained CEM wild-type strain and a dCK -derivative selected from it were both nonpermissive for HTLV IIIB (St. Jude strains, Table II ). Since dCK -cell lines derived from WIL-2 can be infected by HIV (see below), expression of dCK cannot be an absolute determinant of HIV sensitivity.
WIL-2 B Cells. Similar studies with nucleoside kinase-deficient variants of the WIL-2 B cell line (Table II, Fig. 2 ) can be summarized as follows: (a) wild-type WIL-2 cells and some cloned AK --dCK -derivatives of WIL-2 supported essentially no replication of HTLVIIIB (data for the latter not presented) . (b) The cell lines 107 (AK-), BdCK (dCK -) and some AK--dCK -clones supported HTLV IIIB replication, with maximal RT production ocurring 6-8 d after infection. The level of RT (also p24, see below) produced by 107 and BdCK approached that observed with CEM in some experiments, but in others was 10-20% of the CEM values . In contrast to permissive strains of CEM, infection by HTLV IIIB had minimal effect on growth and viability of these derivatives of WIL-2. (c) Five subclones (AAl-AA5) of the AA (AK-dCK-) cell line were strikingly permissive for HTLVIIIB and sensitive to its cytopathic effects (representative results for the AA2 subclone are reported below) . K2B, another AK--dCK -double mutant, was also permissive, but somewhat less sensitive to virus cytopathic effect .
Viable AA2 cells decreased to <10% of an uninfected AA2 control culture by 3-5 d after exposure to HTLV IIIB ; RT production was maximal by day 3-5 and the Viable cell counts and RT activity were monitored daily for 12-15 d after infection with HTLV-IIIB using the standard protocol (see Materials and Methods) . Onset of cytopathic effect was the day when increase in viable cell count ceased . Syncytium formation (see Materials and Methods) was monitored in a separate experiment (identical results were obtained on two separate occasions) .
level of RT was comparable to that of infected, permissive CEM cells (Table II, Fig. 2). AA2 was in fact more sensitive than CEM to HTLV IIIB . This was evident when virus production was determined as a function of multiplicity of infection. For example, in the experiment presented in Fig. 3 , p24 production was determined 5, 7, and 10 d after exposure of AA2 and CEM4 cells to serial fourfold dilutions of a standard HTLV IIIB stock (1 :10 to 1 :164,000). With AA2, maximal production of p24 was evident at every virus dilution on day 5 . In contrast, with CEM4 submaximal p24 production was detected only at the 1 :10 dilution of virus on day 5 ; by day 10, p24 was detectable only through the first five dilutions (to 1 :2,560). A more quantitative comparison of p24 production by AA2 and CEM4 is presented below (Fig. 5 ). In addition to HTLVIIIB, AA2 supported replication of HIV clinical isolates, including MN and RF (23 and data not shown) .
Syncytium Formation
As another index of virus cytopathic effect, we evaluated the formation of multinucleate syncytia within 24 h after uninfected cell lines were added in 15-fold excess to a culture ofCEM/3B, a chronically infected CEM line that continuously produces low levels of HTLVIIIB (Table II) . HIV-sensitive CEM wild-type clones and MI-1a were strongly positive in the fusion assay. No syncytia were observed with the nonpermissive strain AC0611a, but the HIV-resistant St. Jude wild-type and dCKstrains ofCEM formed syncytia as effectively as the permissive CEM strains. Among WIL-2 strains, Syncytium formation after exposure to CEM/3B was only observed with the sensitive cell lines K2B and AA2, and fusion was less efficient than with CEM strains that formed giant cells. 
Analysis of Cell Surface Markers
Over the 14-20-mo period during which their responses to HIV were studied, we examined expression by the above cell lines of the CD4 and DR class II histocompatibility antigens on as many as six occasions; expression of other antigens was evaluated less frequently (Table III) . All of the CEM-derived cell lines expressed a panel of markers consistent with a T cell phenotype. DR was found on <12% of cells, and the panT cell marker 3A1 (CD7) on 47-87%. 60-99% of cells reacted with the Leu-3 and OKT4 mAbs to CD4, and 43-99% reacted with OKT4A. Small fluctuations in the levels of expression ofeach antigen were observed for each cell line.
WIL-2 and its derivatives expressed cell surface markers consistent with a B cell phenotype. DR was present on 75-95% of cells, and <12% expressed the 3A1 T cell marker. Except for AA2, expression of CD4 epitopes by these lines was uniformly low: 0-19% of cells reacted with the Leu-3 and OKT4, and 0-7% with the OKT4A mAb. Again, small fluctuations in the levels of expression were noted. Expression of immunologically detectable CD4 epitopes by the HIVsensitive cell line AA2 (and other AA subclones) was considerably more variable, ranging from 1 to 6% on three occasions to 60 to 89% of cells on three others . The kinetics of HIV infection and susceptibility to cytopathic effect were essentially constant during this 20-mo period, regardless of the level of CD4 expression (Table III, Table IV ).
OKT4A Inhibition of gp120 Binding and HTLV-IIIB Infection
The CD4 protein acts as a receptor for HIV by virtue of the specific interaction between the OKT4A epitope of CD4 and the HIV envelope protein gp120 (1, 2, 4, (24) (25) (26) (27) (28) . The low frequency of CD4 expression by HIV-susceptible WIL-2-derived cell lines, and conversely, the HIV insensitivity of some CEM derivatives that ex- pressed CD4 abundantly, prompted us to examine the OKT4A-inhibitable binding of purified, 1251-labeled gp120 by these cell lines (Fig. 4) . In the absence of antibody, binding of 1251-gp120 correlated with the relative reactivity ofthe cell lines with antibodies to the CD4 complex. Binding to CEM derivatives was inhibited 53-86% by OKT4A. There was no detectable OKT4A-inhibitable gp120 binding to WIL-2, or to its HIVpermissive derivatives 107 and BdCK, which were resistant to HIV induced fusion and expressed nearly undetectable levels of CD4. The amount of gp120 bound by these cells was approximately equal to the level bound by CEM 3 . Production of p24 antigen by CEM4 and AA2 cell lines infected with dilutions of HTLV IIIB stock. Serial 1 :4 dilutions were prepared from a 1 :10 starting dilution of a standard stock of HTLV IIIB . 1-ml aliquots of cultures of CEM4 and AA2 (105 cells/ml) were inoculated with 0.1 ml of virus-free diluent (control) or with a dilution of virus (1 :10 to 1 :164,000). On days 3 and 5, 2 ml of fresh medium was added to cultures, and on day 7, 3 ml was added. On days 5, 7, and 10, 0.4-ml samples of the culture medium were frozen for RIA analysis of p24. For the p24 assay of day 5 AA2 samples, the culture medium was diluted 1 :10, while forCEM4 (all days), the undiluted medium samples were assayed for p24. Despite the failure to detect either CD4 expression or OKT4A-inhibitable gp120 binding by the 107 and BdCK B cell lines, productive infection of these lines, and of CEM4, by HTLV-IIIB was completely blocked by OKT4A; their infection was delayed by the OKT4 antibody (Fig. 5) . Infection ofAA2 was only delayed by OKT4A and was not detectably affected by OKT4 . The remarkable efficiency of HTLV IIIB replication in AA2 is indicated in this experiment by both the more rapid kinetics of infection and the production of 100-fold more p24 protein by AA2 than CEM. 
Discussion
The diversity of in vitro responses to HIV among clonal derivatives of the CEM T and WIL-2 B cell lines is striking. Several fairly distinct patterns could be distinguished, based on the ability to support replication of HIV and sensitivity to its cytopathic effects (Table V discussed below). These phenotypes were stable and where it was evaluated, the phenotypes of subclones of the same strain were similar. The set of phenotypes expressed by CEM and WIL-2 derivatives overlapped, but were not identical. Taken together, the various phenotypic combinations expressed by CEMand WIL-2-derived cell lines clearly indicate a dissociation of HIV replication and the two characteristic cytopathic effects of the virus. Moreover, our results emphasize that while expression of the CD4 protein is necessary for HIV infection, other host cell factors can play a dominant role in determining the outcome of infection.
All strains of CEM that were permissive (P + ) for HTLV IIIB (i.e., supported production ofhigh levels ofvirion-associated RT activity and p24 core protein), were sensitive to viral cytopathic effect (C + ), as measured by loss of viability after exposure to free virus. All permissive (P + ) strains of CEM underwent rapid fusion (F+) to form multinucleate syncytia when placed in contact with HIVinfected cells, another C134-dependent manifestation of HIV cytopathic effect (29) (30) (31) (32) (33) . The converse correlation of C and F phenotypes did not hold among nonpermissive (P-) GEM strains: AC0611a was P -C -and F-, but two other P -C-strains of GEM were F+ . In contrast to the P' C' F+ phenotype ofpermissive CEM strains, two permissive derivatives of WIL-2, 107, and BdCK were insensitive to both cytopathic effects: they were not killed after infection by free HTLVIIIB and they did not un- dergo fusion (P + C -F -phenotype) . On the other hand, AA2, another HIV permissive WIL-2-derived cell line, was rapidly killed by the virus and did undergo fusion (P + C+ F+ phenotype) . How does this complexity relate to current understanding of the role of CD4 expression as a determinant of HIV sensitivity? The CD4 antigen, through interaction with the glycosylated (13, 32) gp120 envelope protein of HIV, acts as a receptor for free HIV on a subset of T cells, and on cells induced to express CD4 by transfer ofthe CD4 cDNA (1, 2, 4, (24) (25) (26) (27) (28) . CD4 expression is also necessary for HIV-induced cell fusion (29) (30) (31) (32) (33) . Although HIV preferentially infects CD4+ T cells, it also infects cells of different lineages, including monocytes and macrophages (6, (34) (35) (36) (37) (38) (39) , B lymphocytes (6, 8, 39, 40) , promyelocytes (6) , and cells of neural origin (41) (42) (43) . CD4 can be expressed by these cell lines (4, 6, 35, 44, 45) , but whether HIV only infects cells of these lineages that express CD4, or whether other receptors, or other modes of cell entry, are involved is unclear. Moreover, the relationship between the level of CD4 expression and susceptibility to infection by HIV is complex. For example, Levy et al. (6) found that the level of Leu-3 expression did not always correlate with production of HIV in a study of unrelated cell lines. Independently isolated clones of the Molt-4 T cell line varied in their susceptibility to infection by HIV while expressing similar levels of the CD4 antigen (7). Salahuddin et al. (8) observed that mAbs to the CD4 antigen incompletely blocked infection of B cell lines by HIV.
In the present studies we found that some WIL-2-derived strains were permissive for HTLV-IIIB, even though they expressed nearly undetectable levels of CD4 by indirect immunofluorescence FACS analysis, and exhibited no OKT4A-inhibitable gp120 binding. Nevertheless, the fact that OKT4A completely blocked their infection by HTLV IIIB indicates that CD4 is essential for infection. It is clear that the level of CD4 necessary for infection of these permissive WIL-2 strains (and perhaps other non-T cells) can be very low, perhaps on the order of a few hundred or a few thousand molecules per cell . Conversely, the finding that some nonpermissive (P-) CEM strains expressed similar high levels of CD4 and bound similar amounts of gp120 as permissive strains ofCEM, is evidence that CD4 expression is not sufficient for productive HIV infection.
Some P-CEM strains were able to undergo fusion with HIVinfected cells, suggesting a block in infection at a stage after virus entry. On the other hand, the inability of the P -CEM strain AC0611a to undergo fusion, despite its ability to express CD4 and bind gp120, suggests that some host cell membrane component, other than CD4, is involved in virus entry and the fusion process. It is intriguing that this host cell phenotype can be mimicked by specific mutations in HIV env gene sequences encoding the hydrophobic NH2 terminus of gp41, the transmembrane virus envelope protein (28) . Expression of these mutant env genes yielded gp120 that was indistinguishable from wild type and bound to CD4+ lymphocytes normally, but was unable to induce cell fusion (28) . It is possible that AC0611a is altered in a host cell membrane component that interacts with gp41 to mediate a step in virus entry and cell fusion that follows gpl20-CD4 binding.
The level ofCD4 expression by AA2 cells ranged from <57o to >80% of cells during a 20-mo period of observation. The basis for this variable expression of CM is not known, but neither the susceptibility of AA2 to HIV infection, nor the time course of infection, changed over this period . The level ofexpression of CD4 does not seem to be a sufficient explanation for the sensitivity of this cell line to infection by HTLV IIIB . AA2 can produce up to two orders of magnitude more virus than CEM and exhibits a marked cytopathic effect within 3-5 d, compared with 8-10 d for CEM. This remarkable sensitivity suggests the operation ofhost cell factors that can powerfully potentiate HIV replication, or alternatively a defect in, or suppression of, a host or viral gene product that normally would inhibit viral gene expression or viral replication .
The AA2 cell line appears to be significantly more susceptible to HIV infection than many T and B cell lines that have been reported as being particularly sensitive to strains of HIV. For example, X50-7, an EBVtransformed B cell line that expresses CD4 on 60-70% of cells, exhibits a cytopathic effect within 15 d (46) . A3 .01, a HAT sensitive derivative of CEM, showed maximal RT activity at 10 d after infection, coincident with cell death (47) , which is similar to the time course we observe with our CEM4 clone. The ATH8 T cell line exhibits a cytopathic effect within 4 d of infection by HTLVIIB, but it requires IL-2 for growth and is HTLVI transformed (48) . The ease of culturing AA2 cells and its sensitivity to HIV infection make AA2 potentially useful for producing high titer stocks of HIV and for isolation of HIV from clinical samples. A subclone of AA (AA5) with comparable characteristics to AA2 has been used as an indicator strain in a rapid, colorimetric assay for HIV neutralizing antibody that depends on killing gf infected cells (23) . In the case of AA2, "grow through" survivors ofHTLV IIIB infection do not actively produce virus (data not presented) . We are investigating the ability of other derivatives of CEM and WIL-2 to serve as chronic virus producers in the manner of the H9 T cell line (19) or the FR8 EBV transformed B cell line (39) .
Clearly, further work will be required to determine the basis for the host cell-virus interactions displayed by the cells we have studied (Table V) , but this report may provide some direction for future investigation . It would, for example, be of interest to use these cell lines to examine HIV replication intermediates and gene expression, and the expression ofHIV constructs bearing defined mutations in virus-encoded regulatory elements. The identification ofnucleoside kinase-deficient mutants capable of supporting HIV replication provides a panel ofcells that will be useful for studying the mechanism of activation and metabolism of nucleoside analogs with antiretroviral activity. We would encourage the use of this panel of cell lines for studies aimed at identifying and isolating host factors and genes that play important roles in determining the outcome of HIV infection .
Summary
Derivatives of the CEM T and WIL-2 B cell lines showed striking diversity in their responses to the HTLVIIIB strain ofthe human immunodeficiency virus (HIV) . Several stable phenotypic patterns could be defined, based on whether cells were permissive (P+, P-) for virus production, were sensitive or insensitive to cytopathic effects after infection by free virus (C + , C-), and whether they underwent fusion on contact with virus-infected cells (F+, F-). Although expression of CD4 was essential for infection by HTLVIIIB, very low levels were sufficient for productive infection of WIL-2 derivatives . Conversely, some CEM T cell lines that expressed ample CD4, and which were able to bind virus gp120 and undergo fusion, did not support productive infection by free virus . One nonpermissive, CD4' derivative of CEM could bind gp120 but failed to undergo fusion, suggesting an alteration in some membrane protein other than CD4 that is essential for virus entry and HIV-induced cell fusion . The AA2 derivative of the WIL-2 cell line is also described, which is remarkably permissive for HIV replication and exquisitely sensitive to virus cytopathic effect . The panel of related cell lines with different host-virus phenotypes could be useful for more precisely defining steps in the infectious cycle of HIV, and for identifying host cell genes and gene products that determine the outcome ofHIV infection.
